How could a signal meaningful to a rat arise from delivery of synchronous stimulation via a stout wire crudely inserted into the intricate fabric of the brain? If the induced neural activity is somehow meaningful, what natural signal does it mimic?
On the basis of experiments on the relationship between the rewarding effects of electrical brain stimulation and gustatory stimuli 1, 2, 3 , we have proposed a new account of the nature of the electrically evoked signal. In this essay, we flesh out our account by considering the phenomenon of brain stimulation reward (BSR) in relation to the computational processes involved in goal selection. By so doing, we address the function of the underlying neural circuitry and the question of how the electrical stimulation produces an apparently meaningful effect.
Central to our formulation is the concept of utility, which we have borrowed from economics. We assume our rats to be rational consumers insofar as they will prefer, under nonsatiating conditions, an alternative that provides more of a given appetitive goal object (e.g., food) over an alternative that provides less. The relative utility of two different goal objects will depend not only on their abundance but also on the physiological state of the consumer and the ecological context in which the goal objects are embedded. In effect, we treat utility as a subjective estimate of the potential contribution of a goal object to fitness. The more accurate the estimate, the more adaptive are the choices that take the utility value into account.
Neural computation of utility
Shizgal & Conover Current Directions in Psychological Science, 1996, 5(2), 37-43 -3 -In natural settings, the goals competing for behavior are complex, multidimensional objects and outcomes. Yet, for orderly choice to be possible, the utility of all competing resources must be represented on a single, common dimension 4 . In our view, BSR arises from the electrical activation of neurons that implement a unidimensional representation of the utility of natural goal objects, and it is the unidimensional character of information coding in this population of neurons that enables the electrical stimulation to produce a meaningful signal. In contrast, we argue, processing must be multidimensional at the earlier stage of processing where physiological feedback exerts its specific influence on goal selection. Thus, we see BSR as similar to natural rewards in terms of how utility is computed and used to select goals. However, we see BSR as quite different from natural rewards in terms of the modulating effect of physiological feedback and the sensory processing that accompanies the computation of utility.
Although the rat in our portrayal does not hallucinate a piece of cheese upon receiving the electrical stimulation, the rat employs common neural circuitry in its evaluation of electrical and gustatory rewards.
Experimental Results
To illustrate these ideas, we summarize the results of several recent experiments 1, 2, 3 and discuss their implications. The purpose of these experiments was to examine the relationship between BSR and rewarding effects of natural stimuli. Figure 1a illustrates the experimental preparation and one of the testing paradigms. In addition to a stimulation electrode aimed at the lateral hypothalamic (LH) level of the medial forebrain bundle, the rat is equipped with an intraoral catheter and an intragastric cannula. Brain stimulation is an unusual reward in that a single response suffices both to procure and "consume" it. The presence of an intraoral catheter connected to an infusion pump confers this property on a gustatory reward, a 55 to 85 µl infusion of a highly concentrated (1 M) sucrose solution. By touching an empty drinking spout, the rat triggers the pump, which infuses the sucrose directly into the rat's mouth. Touching the second Neural computation of utility Shizgal & Conover Current Directions in Psychological Science, 1996, 5(2), 37-43 -4 -of the two empty spouts triggers the delivery of a train of electrical stimulation pulses. A second unusual property of BSR is the absence of satiation. The intragastric cannula renders the gustatory reward similar to BSR in this respect; as the rat swallows the sucrose solution, it drips out of a drain tube attached to the gastric cannula, thus minimizing postingestive effects. The rat's task in the first experiment was to choose between the two rewards by touching the appropriate spout. After each choice, the spouts were disarmed, and a 2-s interval elapsed whereas the open triangles represent choices of the BSR when the sucrose was unavailable. The presence of the sucrose led the rat to forgo moderate-strength trains (34 and 38 pulses) of brain stimulation for which it would have worked had the sucrose been unavailable. This would not have occurred had the rat used a categorical rule, selecting the brain stimulation whenever its value was above a certain threshold. Such categorical choice does not require a common evaluation of the two rewards. In contrast, the results imply that on a given trial, the rat selected the alternative that registered a larger value in a common system of measurement. (Fig. 1b) . The displacement of the heavy lines from the fine ones indicates that the rat assigned a higher value to the compound reward than to its sucrose component alone. When brain stimulation was added to the sucrose, the strength of the alternate BSR had to be increased by 20 pulses (from 48 to 68) in order for the rat to forgo the compound standard. Thus, reward summation occurs when a small spritz of sucrose into the mouth is accompanied by a brief zap delivered to the LH. Figure 2b imply that the electrical stimulation and the sucrose were subjected to a common evaluation. Note that summation between two things is impossible unless they share the property assessed by the system of measurement. In principle, we could use a pan balance, but not a voltmeter, to measure summation between neutrons and electrons because both particles possess mass whereas only one of them possesses net charge. By analogy, summation between LH stimulation and intraoral sucrose is manifested in our experiment because both possess a common property: the ability to serve as a reward for operant performance. We speculate that this common ability arises from a common action of the and sodium-replete (filled triangles) states.
Like the results in Figures 1b, the results in
In the second experiment on the locus of action of the electrical stimulation 3 , we assessed the impact of postingestive feedback, modifing the summation paradigm depicted in Figure 2a so
that the strength of both the alternate (electrical stimulation alone) and the standard (sucrose + stimulation) reward were held constant from trial to trial (Fig. 3a) . When the gastric cannula was open (results for 1 subject are shown in Fig. 3c ), preference was stable over the 30-min test session. In contrast, when the cannula was closed (Fig. 3d) , preference for the compound reward was abolished by the end of the test session. In 2 other subjects (results not shown), the preference reversed during the test session so that by the end, the rats chose the stimulation alone over the combination of the same stimulation train and an intraoral infusion of sucrose. 3 In contrast to the dramatic effect of closing the gastric cannula on preference between the electrical stimulation and the compound reward, closing the cannula failed to alter rate-number curves for the stimulation alone. Figure 3b shows very similar rate-number curves obtained before and after test sessions conducted with the cannula closed (Fig. 3d) , sessions in which the cumulative intake of sucrose averaged 30 ml in 30 min (a very large meal). These results and those of an additional control experiment imply that postingestive feedback from prodigious self-administered gastric loads undermine the value of the gustatory reward without altering substantially the value of the electrical reward. In some subjects, the gustatory stimulus became aversive by the end of the test session. Thus, the change in physiological state caused the value of the gustatory stimulus, to vary in both magnitude and sign, as in Cabanac's 5 demonstrations, whereas the value of the electrical reward was perturbed little, if at all.
Discussion
With sample results now before us, let us reconsider the formulation presented at the beginning of this essay.
Currency functions: Imagine a shopper confronted with a series of tasks of increasing difficulty.
First, the shopper must decide whether the potatoes offered by one grocer for $2.00 per kg represent a better deal than apparently-identical potatoes offered by another grocer for 10 French francs per kilogram. The second task is to decide whether a rich cheese at $10.00 per kg is a Neural computation of utility Shizgal & Conover Current Directions in Psychological Science, 1996, 5(2), 37-43 -8 -better buy than lean ham at $10.00 per kg. Finally, we ask the shopper to determine which of two different "packages" of goods offers the better value, a $2.50 sandwich made from the rich cheese alone or a $3.00 sandwich containing both cheese and ham.
The first task illustrates why adaptive choice requires ranking of alternatives along a single dimension. As long as two different currencies (scales of value) are used, the consumer cannot decide which grocer offers the best deal. The problem is solved by converting both prices to a common currency. The second task is more difficult because it involves comparison of different goods; to obtain a maximal payoff, our shopper must compute the relative utilities of the cheese and ham at the moment of choice. We presume that this computation is influenced by -11 -stimulation of the LH produces a meaningful signal because this stimulation too activates a neural system at a unidimensional stage of processing. Indeed, there is already strong evidence that the reward value of LH stimulation is determined by the aggregate activity evoked (total impulse flow in the stimulated substrate) and not by the spatiotemporal distribution of the evoked activity: The same reward value can be produced by activating a large number of reward-related neurons at low frequency or a small number at high frequency 8 .
Future directions. With the aid of psychophysical, electrophysiological, immunocytochemical, and lesion methods, we and our co-workers are striving to identify the directly activated neurons subserving BSR. By recording from these cells in subjects performing decision tasks, by describing the neural network that furnishes these cells information about the external and internal milieus, and by further behavioral study of the evaluation of BSR and natural goal objects, we hope to gain insight into how the computation of utility is implemented in the brain. 
